Adaptive immunity is regulated by dynamic interactions between T cells and antigen presenting cells ('APCs') referred to as 'immunological synapses'. Within these intimate cell-cell interfaces discrete sub-cellular clusters of MHC/Ag-TCR, F-actin, adhesion and signaling molecules form and remodel rapidly. These dynamics are thought to be critical determinants of both the efficiency and quality of the immune responses that develop and therefore of protective versus pathologic immunity. Current understanding of immunological synapses with physiologic APCs is limited by the inadequacy of the obtainable imaging resolution. Though artificial substrate models (e.g., planar lipid bilayers) offer excellent resolution and have been extremely valuable tools, they are inherently non-physiologic and oversimplified. Vascular and lymphatic endothelial cells have emerged as an important peripheral tissue (or stromal) compartment of 'semi-professional APCs'. These APCs (which express most of the molecular machinery of professional APCs) have the unique feature of forming virtually planar cell surface and are readily transfectable (e.g., with fluorescent protein reporters). Herein a basic approach to implement endothelial cells as a novel and physiologic 'planar cellular APC model' for improved imaging and interrogation of fundamental antigenic signaling processes will be described.
Introduction
T lymphocytes are a branch of the adaptive immune system characterized by the ability to efficiently recognize peptide antigen (Ag) bound to major histocompatibility complex (MHC) molecules through their T cell receptors (TCRs) 1 . Naïve lymphocytes constitutively migrate and scan 'professional Ag presenting cells' (APCs; e.g., dendritic cells) within lymph nodes, while memory/effector T cells need to effectively survey an extremely wide range of APCs and potential target cells within peripheral tissues.
In the min following initial recognition of cognate Ag on an APC, lymphocytes arrest their migration and begin to form a specialized intimate cell-cell interface termed 'immunological synapse' (IS). Sustained (i.e., 30-60 min) IS contacts are required to amplify and sustain signaling [2] [3] [4] [5] [6] [7] .
Emerging studies identify that within the IS, it is the continuous formation and rapid remodeling of discrete sub-cellular signaling micro-clusters (i.e., containing MHC/Ag-TCR, F-actin, adhesion and signaling molecules) that determine the strength and quality of resulting immune responses Figure 1 . A Physiologic Planar Cell APC Model for Imaging Immunological Synapse Dynamics. The schematic illustrates traditional imaging of immunological synapse between a T cell and a professional APC (A) and T cell and a traditional planar lipid bilayer APC model (B) in comparison to this novel endothelial planar APC model (C). Professional APCs provide physiologic immunological synapses but offer poorly oriented cell-cell interface (i.e., with respect to the optimal x-y imaging plane; resolution ~0.2 μm), which dramatically compromises spatial (z imaging plane resolution ~1 μm) and temporal (i.e., due to the need to repeatedly scan through all z imaging planes) resolution of imaging. Bilayer models have a planar topology that provides optimal spatiotemporal imaging resolution, but are also highly simplified, non-physiological and rigid. This endothelial cell model combines the planar topology of lipid bilayers with the physiologic substrate of a classic APC to deliver optimal spatial and temporal imaging resolution in a physiologic setting. Please click here to view a larger version of this figure.
Previous work has partially circumvented these obstacles by developing planar substrate models (i.e., lipid bilayers and antibody-coated surfaces) that provide optimal spatiotemporal resolution (i.e., via fixing the T cell activation surface into a single plan that is parallel to the optimal x-y imaging plane) [11] [12] [13] [14] [15] (Figure 1B) . These models have facilitated important insights into the subcellular/molecular dynamics that control antigenic signaling in T cells, including the discovery of dynamic actin/TCR signaling micro-clusters 7, [11] [12] [13] [14] . However, such models are inherently oversimplified, as well as rigid (precluding the development/study of 3-dimensional topological features) ( Figure 1B) . Therefore, it remains uncertain how to relate such findings to physiologic cell-cell immune surveillance.
Though still understudied, vascular and lymphatic endothelial cells are emerging as a large (i.e., greater in numbers than all professional APCs, by ~1,000-fold) peripheral compartment of 'semi-professional' APCs [16] [17] [18] . These cells express MHC-I-, MHC-II-and a multitude of co-stimulator molecules (e.g., CD40, LFA3, ICOSL, 4-1BB, OX40L, TL1A, PD-L1; but not CD80 and CD86) and are strategically positioned at the blood-tissue interface where they serve specialized sentinel functions [16] [17] [18] . Previous studies demonstrated that endothelial cells can effectively re-stimulate effector/memory, but not naïve, T cells [19] [20] [21] [22] [23] [24] [25] . Thus, endothelial cells are likely to play unique APC roles in effector phase of adaptive immune responses within the peripheral tissues, such as local influence on T cell activation, differentiation, memory and tolerance 16, 17, 26 . Critically, when grown in vitro, endothelial cells form virtually planar cell surfaces and are readily transfectable (e.g., with fluorescent protein reporters). These features are ideal for high spatiotemporal resolution imaging of topological dynamics during cell-cell interactions 19, 27 . Thus endothelial cells might serve as a physiologic 'planar cellular APC' model distinctly suited for the study of the subcellular/molecular remodeling mechanisms that drive antigen recognition and regulate responses ( Figure 1C) , showed that leukocytes actively probe the surface of the endothelium by dynamic insertion and retraction of sub-micron-scale, actin-rich cylindrical protrusions (~200-1,000 nm in diameter and depth) termed invadosome-like protrusions (i.e., 'ILPs') 27, 28 . These imaging approaches have been further expanded along with the creation of protocols to take advantage of endothelial APC function to develop the first methods for high spatiotemporal resolution imaging of the T cell-endothelial immunological synapse as reported 19, 20 and further describe herein. A central finding derived from this novel planar cellular APC model is that T cell ILPs function both in promoting initial Ag detection and in sustaining subsequent signaling. Indeed, arrays of multiple ILPs (that were stabilized and accrued in response to initial calcium flux) show enrichment in TCR and molecules suggestive of active signaling such PKC-Q, ZAP-70, phosphotyrosine and HS1. Therefore, ILPs seem to represent a threedimensional physiologic equivalent to the TCR-signaling microclusters seen in planar bilayer models. This approach, thus, sensitively reveals/ reports molecular and architectural (and implied biomechanical) dynamics not otherwise detectable.
The method described herein should be useful to bridging the gap between professional APC and artificial APC substrate models in order to enhance our ability to interrogate basic mechanisms of adaptive immune responses. While here the focus is on the activation of CD4 + Th1-type effector/memory cell, this basic approach can be readily modified to study a wide range of T cell types and Ags, as discussed below.
Protocol
All experiments described in this protocol are conducted with primary human T cells and commercially available primary human endothelial cells (dermal or lung microvascular ECs).Any research protocol involving human subjects must be approved by an institutional review board and written informed consent must be provided from each blood donor. Experiments conducted using this protocol were approved by the IRB of Beth Israel Deaconess Medical Center.
Preparing Human CD4 + Th1 Effector/Memory T Cells
1. Apply tourniquet to the arm of donor, wipe vein with alcohol, and insert needle. Slowly draw 15 ml of blood into vacutainer using EDTA as anticoagulant. When the blood has been drawn, untie the tourniquet before removing the needle. Immediately apply pressure to wound with sterile gauze when needle is removed. 2. Transfer blood to a 50 ml tube. Add RPMI-1640 at RT at a 1:1 dilution (final volume 30 ml). Carefully overlay the diluted blood onto two 50 ml tubes containing 15 ml of pre-filtered lymphocytes isolation medium such as Ficoll-Paque at RT. 3. Centrifuge the gradient at RT for 30 min at 1,200 x g in a swinging bucket rotor. While centrifuging prepare T cell medium (500 ml of RPMI-1640, 50 ml FCS, 5 ml penicillin/streptomycin). 4. Upon removal of the 50 ml tube from the centrifuge, observe four layers: a pellet of red blood cells in the bottom, the paque, a layer of cells which contains white blood cells (including lymphocytes) and the plasma. Carefully remove the white blood cell layer with a pasteur pipette and transfer in a 50 ml Falcon tube. 5. Wash the white blood cell layer by adding RT RPMI-1460 (up to 20 ml) and centrifuging at RT for 5 min at 1,200 x g. Resuspend the white blood cells in 1 ml of T cell medium. Add 5 µl of the 1 ml cell suspension to 250 µl T cell medium in a 1.5 ml centrifuge tube and mix gently up and down by pipette. 6. Add 25 µl diluted cell suspension to 25 µl 0.4% Trypan blue. Add 10 µl of mixture to each side of a standard hemocytometer. 7. Place hemocytometer on a low power light microscope. Using a 10X objective count the number of living cells that have excluded the Trypan blue dye and are present in the middle square of both sides of the hemocytometer. 8. To calculate the cell concentration, multiply the average of the 2 squares by 100 (dilution factor) and then multiply by 10 4 to give the number of cells/ml. 9. Adjust the final concentration to 0.5 x 10 6 cells/ml in T cell medium. Add a final concentration of 1 µg/ml each of bacterial superantigens staphylococcal enterotoxin B (SEB) and toxic shock syndrome toxin 1 (TSST) to the cells. Culture for 72 hr (37 °C and 5% CO 2 ) to expand the CD4 + T cell population.
10. Pellet T cells (1, 200 x g, 5 min) and resuspend at 0.5 x 10 6 cells/ml in T cell medium with the addition of human IL-15 (20 ng/ml). Transfer lymphocytes to a T150 flask. Continue to expand/split cells in full medium-IL-15 every 24-48 hr as needed (based on media color; i.e., whenever media turns from pink to slightly yellow) thereafter. Maintain the resulting lymphocyte population for up to 15 days. NOTE: By design, this protocol will activate and expand specifically subset of CD4 + T cells that are reactive to SEB and TSST and then drive them toward a Th1-like effector/memory phenotype. Other white blood cells fail to survive and grow under these conditions, such that by step 1.10 the cells will be at least 95% CD4 + , CD45RO + T cells 19 , as can readily be assessed by flow cytometry. If desired, further purification can readily be achieved through commercially available antibody/magnetic-bead based positive or negative selection kits. and replace it with 0.5 ml fixative solution (3.7% formaldehyde in PBS) for 5 min at RT, followed by rinsing three times with PBS. Then proceed to step 6.
Starting Primary Human Endothelial Cell Culture

Live Cell Imaging and Analysis
4. Analysis of Live-cell Imaging NOTE: After saving acquired files, they may be analyzed directly or exported for analysis by a wide variety of off-line image analysis software applications. ImageJ is a particularly valuable, highly versatile package that is freely available and compatible with almost every acquisition software package. The design of the imaging experiments described in steps 5.1-5.3 will yield high spatial and temporal resolution dynamics of interactions between lymphocytes and endothelial APC in the absence and presence of cognate SAg. Almost limitless analyses are possible when addressing imaging data of cellular morphometric/signaling dynamics. The specific objectives described in this particular protocol are to coordinately quantify lymphocyte migration and signaling (i.e., kinetics and levels of intracellular calcium flux) along with dynamical changes in the immunologic synapse architecture with focus on specific features (i.e., ILPs/podo-prints). The following are examples of separate standard and non-standard (i.e., developed specifically for these experiments/questions) analyses. 1. Measure Lymphocyte Calcium flux 1. Select the initial Fura2-340 (340 nm EX-510 nm EM) and Fura2-380 (380 nm EX-510 nm EM) images that were acquired before addition of lymphocytes. Use these as background images and digitally subtract them from the all of the images in the time series for each respective channel.
For each time point create a digital ratio image of the background-subtracted Fura2-340 and the background-subtracted
Fura2-380 images (i.e., 340 nm EX-510 nm EM-background/380 nm EX-510 nm EM-background). 3. Select the appropriate software drawing tool. Click on the screen to draw a circular region of interest (ROI) around each lymphocyte. These will generate a pixel-averaged ratio value for each lymphocyte and time frame. 4. Plot the calculated ratio as a function of time using an appropriate software application (e.g., spreadsheet program). Calculate averaged calcium flux for the experiment by summing the ratio values of all of the lymphocytes per field and dividing that value by the total number of lymphocytes for each time point 1. Analyze cell T cell migration using an appropriate cell tracking software application (e.g., ImageJ) using the DIC channel from each video. Using ImageJ Cell Tracking Plugin, identify in each frame the centroid of each cell manually by clicking on it in each progressive frame. 2. Use the resulting serial x-y coordinates (i.e., traces of migration paths) to calculate the mean velocity (total distance migrated/ total interval of imaging) and the tortuosity (total distance migrated/the linear end-to-end distance between the cell location in the first and last image). 3. Cross-correlate these parameters with calcium flux (5.4.1) dynamics on a cell-by-cell basis. 
Assess the
Fixed-cell Imaging and Analysis
Representative Results
A novel imaging approach using endothelial cells and combining the resolution advantages of the planar lipid bilayers model with the physiologic complexity and deformability of professional APCs was developed (Figure 1) . Figure 2 provides examples of typical migration, calcium flux and topological dynamics observed with this approach. In the absence of SAg on endothelium, SAg-specific CD4 + Th1 lymphocytes rapidly spread, polarize and laterally migrate over the endothelial surface (Figure 2A ) without fluxing calcium (not shown). Within ~5-10 min these lymphocyte initiate transmigration across the endothelium. In the presence of SAg loading onto endothelium, lymphocytes spread symmetrically with a 'fried egg' topology, initiate sustained (i.e., for 30-60 min) intracellular calcium flux (Figure 2B; Movie 1) during which time they exhibit little or no migration (Figure 2C) . ). Schematic (i) illustrates a sensitive endothelial cell/APC 'topology reporter system' consisting of membrane-targeted-YFP and soluble cytosolic RFP. Actin-mediated ILP that protrude into the endothelial cell surface generate cylinder-shaped invaginations (a type of cellular foot-print, termed a 'podo-print') giving rise to sharply bent membrane that appear as rings of membrane-YFP fluorescence (i.e., the walls of the cylinder viewed en face). Cytosol displacement and exclusion at these loci appear as dark circles of cytosolic RFP. As previously established, lymphocytes actively probe the surface of the endothelium by extending actin and HS1 (a cortactin homologue)enriched and WASp-and src-dependent protrusions termed 'invadosome-like protrusions; (ILPs; each ~0.5-1 μm in depth in diameter) 27, 28 . Transfection of membrane-targeted fluorescence protein (FP) has been demonstrated to provide highly sensitive reporters for subcellular topological dynamics at cell-cell surfaces. In this way, it has been shown that bright rings of fluorescent membrane-FP are indicative of membrane bending during T cell-endothelial interaction as a result of T cell ILPs protrusions. It is shown here, and in previous studies 19, 20 , that whereas small clusters of ILPs form and turnover rapidly (i.e., lifetimes of ~10-30 sec) during lateral migration of T cells on endothelium in the absence of SAg (Figure 2A) , they become highly stabilized (i.e., lifetimes of ~30 min) and accumulate into dense arrays in the presence of SAg (Figure 2B) . Moreover, analysis of the ILPs and calcium initiation kinetics ('Offset time') show that ILPs precede calcium signaling, suggesting they aid in the MHC-II/Ag recognition process (Figure 2Bii) . Additionally, stabilized ILPs arrays form commensurate with maximal calcium flux (Figure 2Bii) . The idea that the rings of membrane fluorescence correspond to T cell protrusions driving discrete invagination spots in endothelial APCs, is confirmed by the demonstration that these rings in all cases correlate spatially and kinetically with zones of displaced/ excluded cytoplasm (as reported by soluble DsRed; Figure 2D and Movie 2).
Figure 3
provides examples of fixed endpoint confocal imaging studies. After 10 min of co-incubation in the presence of SAg, ISs formed between T cells and endothelial APCs were imaged by fixation, immuno-fluorescence staining and confocal microscopy. These studies provide analysis of the subcellular distribution dynamics of critical molecules and signaling activities within ISs in particular relation to ILPs. Specifically, cytoskeletal/cytoskeletal regulator (actin, HS1; Figure 3A) , antigen presentation/recognition (CD3/MHC-II; Figure 3B ) adhesion (ICAM-1, LFA-1, talin; Figure 3C) , and antigenic signaling (PKC-Q; Figure 3D ) are seen to be co-enriched in podo-prints/ILP. Digital reconstruction of confocal serial-section z-stacks provides complementary evidence to those shown in Figure 2D that the T cell-endothelial endothelial IS has a discrete 3dimension architecture punctuated by T cell ILP protruding in the APC surface (Figure 3Aii, Ci, iii, D). (Figure 3Civ) .
Figure 3. Fixed-Sample Analysis of Molecular Distribution Dynamics in T cell-Endothelial Cell Immunological Synapses.
Lymphocytes were incubated on SAg-loaded endothelium for 30 min and fixed and stained. In indicated panels endothelial cell were pre-transfected to express membrane-YFP or -DsRed. (A) Representative imaging show actin (i) and HS1 (a cortactin homologue; ii) co-enriched at the periphery of the immunological synapse in micro-clusters that correlate with the center of endothelial fluorescent rings of membrane-YFP (i.e., 'podo-prints'; See Figure 2D ) confirming that T cell ILPs are responsible for appearance of podo-prints. A side view (ii. 90° Projection) illustrates that ILPs represent 3-dimensional protrusion in the z imaging plane (modified from 19 ). The key to the approach described herein is strongly related to its resolution benefits. This, in turn is highly related to the strength of the fluorescence signal. Thus, it is critical to pay special attention in optimizing transfection and staining of fluorescent reporters and imaging parameters/technique (e.g., exposure time, focus, etc…). With respect to the former, the protocol for live-cell studies that here described are limited to transfection of generic membrane and cytoplasmic markers that report topological changes at the T cell-APC interface in real-time (e.g., Figure 2, Movies 1, 2) . Additionally, this protocol can be readily modified to for more sophisticated analysis by concomitantly introducing/ imaging further reporters in the endothelium (e.g., fluorescent protein-tagged MHCI/II and adhesion, co-stimulatory and co-inhibitory molecules and biosensors for signaling and biomechanical dynamics). Unfortunately, however, a general limitation is that lymphocytes are notoriously difficult to transfect. This precludes convenient use of fluorescent proteins (e.g., tagged to TCR, PKC-Q, etc.) in T cells for live cell imaging.
While the current protocol involves activation of human effector/memory CD4 + Th1 type lymphocytes through SAg (a widely used model), much broader possibilities exist. As previously demonstrated 19, 20 this approach is readily adaptable to a broad range of other settings such as responses of other CD4 + subsets and activation of CD8 + lymphocyte killing responses. Through isolation of lymphocytes and endothelial cells from existing TCR-transgenic strains this method is also readily adaptable to study responses to specific peptide antigens 19, 20 . Finally, the current approach is limited to examination of effector/memory T cells. However, transfection of endothelial cells with the essential co-stimulatory molecules (CD80/86, not normally expressed on endothelium) might allow for study of naïve cell priming dynamics in this model.
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